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1440.e1 The Journal of Thoracic and CaObjective: It is well known that hyperoxia can be potentially harmful to the
ventilated patient, although little is known about the potential effects in the setting
of lung reperfusion. We hypothesized that hyperoxic ventilation at the time of
reperfusion could worsen the effects of lung reperfusion injury.
Methods: Using an ex vivo, blood perfused, isolated rabbit lung system, we
evaluated the effects of hyperoxic (fraction of inspired oxygen  100%, n  10)
versus normoxic (room air, n  10) ventilation after 18 hours of cold ischemia.
Lungs were ventilated and perfused for 2 hours. A control group was immediately
perfused and ventilated with a fraction of inspired oxygen of 100%.
Results: Lung wet/dry ratios demonstrated lower tissue edema in the normoxic
group compared with in the hyperoxic group (6.72  0.89 vs 7.62  1.14 [mean 
standard error of the mean], P  .04). Lung ventilation was also significantly better
in the normoxic group versus the hyperoxic group (PCO2  28.96  2.01 vs 36.68 
3.20 mm Hg, P  .04). Conversely, lung oxygenation after 2 hours of reperfusion
(normoxic group ventilated for the last 15 minutes on 100% fraction of inspired oxygen)
was not significantly different between groups (PO2  590.2  50.1 vs 499.6  67.5
mm Hg, P  .25).
Conclusions: Ventilating lungs with 100% fraction of inspired oxygen at the time of
reperfusion could increase the risk of lung reperfusion injury at the time of
transplantation. Thus the patient should be ventilated with as low a fraction of
inspired oxygen as possible to achieve adequate oxygen saturations during this
critical reperfusion period.
Ischemia-reperfusion (IR) injury in lung transplantation is manifested by non-specific alveolar damage, lung edema, and hypoxia seen in the first 48 hoursafter lung transplantation.1 Although IR injury affects all transplanted grafts to
some degree, 20% to 30% of the time it causes significant increases in mortality,
time on a ventilator, intensive care unit and hospital stay, and costs.2 This injury has
also been demonstrated to be a risk factor for bronchiolitis obliterans, the most
common cause of long-term graft dysfunction.3
It is well known that hyperoxic ventilation can be harmful to the lungs.4-9 It is
thought that hyperoxia causes its harmful effects in part because of the production
of reactive oxygen species (ROS).9 ROS are also thought to be involved in IR
injury.10-12 Thus it would logically follow that hyperoxia would potentially increase
the substrate for the production of ROS in reperfusion injury and thus exacerbate the
injury. It has been shown that hyperoxia exacerbates postischemic reperfusion
injury in the heart, brain, and kidney.13-17 There are no studies, to our knowledge,
that have examined the effects of hyperoxic ventilation in the setting of lung
reperfusion injury. This issue is clinically relevant because it is common for lung
transplant recipients to be ventilated with a fraction of inspired oxygen (FIO2) of
100% at the time of reperfusion in the operating room. We hypothesized that
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An ex vivo, blood perfused, isolated rabbit lung perfusion system
was used for this experiment (Figure E1; Model TIS3862, Kent
Scientific). Lungs were harvested en bloc with Viaspan (Belzer
UW, Barr Laboratories Inc) preservation solution and placed on
ice in a 4°C refrigerator for 18 hours. They were then reperfused
for 2 hours. A control group was immediately reperfused on an
FIO2 of 100% (n  6). A second group was ventilated normoxi-
cally with room air (FIO2  21%-24%) after 18 hours of cold
ischemia (n  10). A third group was ventilated with a hyperoxic
FIO2 of 100% after 18 hours of cold ischemia (n  10).
Harvest Procedure
New Zealand white rabbits of both sexes (3.0-3.5 kg) were ran-
domly assigned to the 3 experimental groups. Each animal was
anesthetized with intramuscular ketamine (50 mg/kg) and xylazine
(5 mg/kg). Tracheal intubation was performed through a trache-
ostomy, and mechanical ventilation was instituted (Model
RSP1002, Kent Scientific) with room air at a respiratory rate of 25
breaths/min. A median sternotomy and a thymectomy were then
performed. The superior and inferior venae cavae were loosely
encircled with ligatures, and the pericardium was opened. Both the
pulmonary artery (PA) and the aorta were dissected free and
similarly encircled. A purse-string suture was then placed in the
free wall of the right ventricle, and intravenous heparin was
administered (500 U/kg). After the PA was injected with 30 g of
prostaglandin E1, the vena cavae were ligated to begin the period
of ischemia. The PA was then cannulated through a right ventric-
ulotomy in the center of the purse-string suture, and the right
ventricular and PA ligatures were tied to secure the cannula. After
the left ventricle was vented through a left ventriculotomy and the
aorta was ligated, 50 mL/kg cold (4°C) Viaspan (Belzer UW, Barr
Laboratories Inc) solution was infused into the PA from a height of
30 cm. Topical cooling was achieved with cold saline solution
slush. During the PA flush, the left atrium was cannulated through
the left ventriculotomy with an outflow catheter. A purse-string
suture was placed to secure this cannula. After completion of the
PA flush, the inflow cannula was clamped. The lung-heart block
was then excised, and the tracheostomy tube was clamped at end
inspiration. The inflated lungs were immersed in cold saline solu-
tion and were stored at 4°C. All animals received humane care in
Abbreviations and Acronyms
ANOVA analysis of variance
FIO2  fraction of inspired oxygen
IR  ischemia-reperfusion
MPO myeloperoxidase
PA  pulmonary artery
ROS  reactive oxygen speciescompliance with the “Guide for the care and use of laboratory
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Reperfusion Procedure
After organ harvest and ischemic storage, the lung-heart block was
suspended from a force transducer, and ventilation was initiated
with either 100% FIO2 or room air, depending on the experimental
group (Harvard Ventilator). One breath of 30 cm H2O of positive
end-expiratory pressure was given once in the first 5 minutes of the
stabilization period to ensure there was no atalectasis. Lungs were
volume ventilated at 8 to 12 mL/kg with 2.5 cm H2O of positive
end-expiratory pressure at a rate of 20 breaths/min. Volume was
set such that peak inspiratory pressures would be 15 cm H2O for
all groups at 10 minutes. The volume would then not be changed for
the remainder of the experiment. The lung-heart block was then
connected through the PA catheter and the outflow catheters to a
venous blood reperfusion circuit. New Zealand white rabbits served as
fresh venous blood donors. Blood was circulated through a pediatric
oxygenator set to deoxygenate the blood and add carbon dioxide.
Thus the blood flowing through the PA was essentially physiologic
for venous blood (PO2  60 mm Hg/PCO2  60 mm Hg). This
allowed arterial blood gases to be obtained from the left ventricle that
reflected the physiologic performance of the lungs. Flow was gradu-
ally increased to 60 mL/min over the first 5 minutes and then not
changed for the remainder of the experiment.
End Points: Physiologic Parameters
Continuous recordings of pulmonary artery pressure and peak
inspiratory airway pressure were performed by using a dynamic
data acquisition program (DASYLab, DASYTEC) on a personal
computer (Dell). This program automatically calculated and dis-
played PA pressures and peak inspiratory pressures every 5 sec-
onds throughout the experiment.
Pulmonary venous blood samples were collected for blood gas
analysis (Corning 178 pH/Blood Gas Analyzer, Corning, Inc) at
15, 30, 60, and 120 minutes after the start of reperfusion. PO2/FIO2
ratios were calculated at these time points for comparison. At 1
hour and 45 minutes into the experiment, the FIO2 of the room air
group was increased to 100% for the last 15 minutes of the
experiment, allowing comparison of the oxygenation and ventila-
tion by arterial blood gas at the 2-hour end point of the experiment.
Tissue Analysis
At the completion of the study, samples of the lower lobes of each
lung were weighed and dried for calculation of wet/dry weight
ratios. Lung samples were take from each lung and weighed
immediately. The lung samples were then desiccated in an oven
over 3 days. The ratio of lung dry weight to lung wet weight was
then calculated as the wet/dry ratio. The average of the right and
left lung were then used as the combined wet/dry ratio.
Samples of lung tissue were also taken from both lungs and
frozen in liquid nitrogen and stored at 80°C for later analysis of
myeloperoxidase (MPO) activity. An MPO assay was performed
on lung samples to quantify neutrophil sequestration in the same
manner previously described by Ross and colleagues.18 Tissue was
placed in 5 mL of 0.5% hexadecyltrimethylammonium bromide in
50 mmol/L potassium phosphate solution (pH 7.4) and disrupted
by homogenizing at 4°C. The solution was centrifuged at 15,000g
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pellet was resuspended in 2 mL of 0.5% hexadecyltrimethylam-
monium bromide in 50 mmol/L potassium phosphate solution (pH
6.0) and homogenized. Tissue was disrupted further by means of
sonication and then underwent 3 freeze-thaw cycles (liquid nitro-
gen bath/37°C water bath). The solution was then centrifuged at
15,000g for 15 minutes at 4°C. Aliquots (0.1 mL) of supernatant
were added to the assay buffer of o-dianisidine, H2O2, and 50
mmol/L potassium phosphate (pH 6.0). Absorbance at 460 nm was
measured over 2 minutes by means of spectrophotometry (LKB
Biochrom Model 4050). Lung tissue MPO activity was expressed
as change in absorbance per gram per minute.
Statistical Analysis
The data are expressed as means  standard error of the mean.
Statistical analysis was performed for the 3 groups by using
analysis of variance (ANOVA), and post hoc analysis between
groups was performed with the Fisher least significant difference
test (SPSS 11.5, SPSS Inc).
Results
Physiologic Parameters
The PA pressures were significantly higher in the IR groups
(room air and hyperoxic) compared with in the immediate
control group at the initial portion of the experiment, as well
as at 60 minutes (Figure E2; P   .001, ANOVA at 0
minutes; P  .025, ANOVA at 60 minutes). There were no
differences in the PA pressures between the room air group
and the hyperoxic group. Peak inspiratory pressures were
not different between the room air and hyperoxic groups,
Figure 1. Time course of PO2/fraction of inspired oxygen (FIO2) in
the control and ischemia-reperfusion groups (control group, n 
6; room air [RA] group, n  10; 100% FIO2 group [100%], n  10).
Values are presented as means  standard error of the mean.
There were no significant differences between groups at any time
point when the comparing PO2/FIO2 ratio. However, a trend toward
a higher PO2/FIO2 ratio in the room air group when compared with
the hyperoxic group can be seen at 90 minutes (P  .08).although they were significantly higher than in the control
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experiment (Figure E3).
There were no significant differences among all 3 groups
with regard to oxygenation at 120 minutes (Figure E4). The
PO2/FIO2 ratio showed no significant differences between
groups at any time point in the experiment (Figure 1),
although there was a strong trend toward poorer oxygen-
ation in the hyperoxic group compared with the room air
group at 90 minutes (P  .08). The room air group dem-
onstrated significantly better ventilation compared with the
hyperoxic group at 120 minutes (Figure 2).
Tissue Analysis
The hyperoxic group demonstrated significantly higher lev-
els of tissue edema when compared with the room air group,
as well as the control group (P  .002, ANOVA; P  .04,
hyperoxia vs room air; Figure 3).
There were no differences between groups with regard to
tissue MPO levels, although there was a trend toward higher
levels of tissue MPO in the hyperoxic group when com-
pared with the room air group (P  .11, Figure 4).
Discussion
It is well known that high FIO2 values during mechanical
ventilation can be toxic to the lungs. However, the effects of
hyperoxic ventilation in reperfusion injury, particularly in
the lung, are not well defined. In the first 2 hours of
reperfusion of cold ischemic lungs, we found that hyperoxic
ventilation resulted in poorer ventilation and higher tissue
Figure 2. Time course of ventilation measured on the basis of
PCO2 in the pulmonary venous blood gas in control and ischemia-
reperfusion groups (control group, n  6; room air [RA] group, n
 10; 100% FIO2 group [100%], n  10). Values are presented as
means  standard error of the mean. Ventilation was signifi-
cantly better in the room air group compared with in the hyper-
oxic group at 120 minutes (P  .04).edema when compared with that seen in normoxic venti-
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gest changes should be made in the operating room with
regard to the FIO2 normally used during the time of reper-
fusion during lung transplantation. A review of the trans-
plant database at the University of Virginia found that most
(94%) of the recipients receive 100% FIO2 at the time of
reperfusion in the operating room (data not published).
However, the PO2/FIO2 ratios suggested about 70% of pa-
tients would have had adequate oxygenation on an FIO2 of
40%. This suggests significant changes can be made safely
with regard to lowering the FIO2 to more physiologic levels
intraoperatively.
It has been previously shown that hyperoxia can exacer-
bate other forms of tissue injury. Smith and coworkers19
examined the effects of hyperoxia in the presence of acute
lung injury. Interestingly, they found that the mortality for
animals exposed to hyperoxia was significantly greater than
for those breathing room air, regardless of the presence or
absence of acute lung injury. Recently, Sinclair and associ-
ates20 showed that hyperoxia exacerbates lung injury caused
by lower PaO2/FIO2 ratios, increased lung injury scores, and
increased polymorphonuclear leukocyte cell counts in the
bronchoalveolar fluid. Hyperoxia might not cause worsen-
ing of myocardial injury because Shnier and colleagues21
found that hyperoxic reperfusion did not increase infarct
size in an animal model of myocardial infarction.
A number of investigators have looked at the effects of
Figure 3. Lung edema measured on the basis of lung wet/dry
ratios after 2 hours of reperfusion in the control and ischemia-
reperfusion groups (control group, n  6; room air [RA] group, n
 10; 100% FIO2 group [100%], n  10). Values are presented as
means  standard error of the mean. Lung edema was signifi-
cantly higher in the hyperoxic group compared with in the room
air group. *P  .002, analysis of variance; P  .04, hyperoxia vs
room air.hyperoxia during cardiopulmonary bypass and its effects on
The Journal of Thoracic anthe heart, as well as the brain. Ihnken and colleagues13
found that in immature piglet hearts normoxic cardiopul-
monary bypass led to decreases in IR injury when compared
with hyperoxic bypass. This was manifested by decreases in
antioxidant reserve capacity and significantly poorer ven-
tricular function when compared with that seen in a group
that had been reperfused with normoxic cardiopulmonary
bypass. In a clinical study Ihnken and colleagues14 demon-
strated that hyperoxic bypass led to increased oxidative
myocardial damage and poorer lung function evidenced by
decreases in forced expiratory volume in 1 second and
forced vital capacity. However, cardiac index was not dif-
ferent between groups in this particular study. Zwemer and
coworkers17 demonstrated poorer neurological outcomes in
animals who were hyperoxically reperfused on cardiopul-
monary bypass after cardiac arrest when compared with
normoxically reperfused animals. This effect was attenuated
when an antioxidant was administered to animals who were
hyperoxically reperfused. Liu and associates16 found similar
results with regard to poorer neurological function in ani-
mals who were hyperoxically reperfused after cardiac arrest,
as well as evidence for higher levels of oxidized brain lipids,
suggesting higher levels of ROS in the hyperoxic group.
There is good evidence to suggest hyperoxia also exac-
erbates kidney IR injury. Sela and associates22 showed that
postischemic reperfusion of the rat kidney with hyperoxic
ventilation led to decreases in antioxidant enzyme activity,
indirectly suggesting higher levels of ROS when compared
with those present in the kidneys of normoxically ventilated
animals. Zwemer and colleagues15 showed that hyperoxic
Figure 4. Myeloperoxidase activity in the control and ischemia-
reperfusion groups (control group, n  5; room air [RA] group, n
 8; 100% FIO2 group [100%], n  9). Values are presented as
means  standard error of the mean. Myeloperoxidase activity
was not significantly different between groups (P  .11, RA vs
100%).reperfusion exacerbates postischemic renal dysfunction.
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and urea nitrogen levels and higher histopathology injury
scores in hyperoxically reperfused animals.
Splanchnic ischemia and reperfusion might be different
from other organ systems with regard to the effects of
hyperoxia during reperfusion after ischemia. Waisman and
coworkers23 found that hyperoxia in the setting of splanch-
nic ischemia and reperfusion led to an attenuation of in-
flammatory microvascular responses in both the mesenteric
vasculature and the lung. It should be noted that in this
particular study mean arterial blood pressure was signifi-
cantly lower in the normoxically ventilated group, which
suggests a possibility that mechanisms other than hyperoxia
alone might have been the cause of these differences.
There are a few limitations to this study. Although we
found statistically higher tissue edema and carbon dioxide
retention in the hyperoxic group, there were no other sig-
nificant differences between groups. It should be noted that
we did not see significant IR injury in either the room air or
hyperoxic groups. Previous studies in this laboratory with
an isolated lung apparatus have demonstrated significant
hypoxia, increased PA pressures, and tissue edema in non-
treated IR groups.18,24 We expected to see these pressures
increase throughout the experiment when in fact we saw
them diminish as the experiment progressed. The absence of
significant reperfusion injury in either group might be due to
2 alterations that were made in the model for this particular
study. The first was the addition of the deoxygenator. Pre-
vious studies in this laboratory used a trial of venous blood
from outside the circuit to obtain arterial blood gases. We
used a membrane oxygenator to deoxygenate and add car-
bon dioxide to the venous blood. We also used a gradual
reperfusion-ventilation protocol to eliminate the possibility
that lung injury was caused by endothelial shearing, non-
physiologic perfusion pressures, or barotrauma, rather than
IR caused by the mechanisms that are proposed in the
literature.1 The combination of these alterations might have
attenuated the IR injury, and efforts to show differences
between the room air and hyperoxic groups were blunted as
well. Although significant differences were seen with regard
to ventilation and lung edema, trends seen in PO2/FIO2 ratios
and MPO levels might have reached statistical significance
had the numbers been larger in the experimental groups.
This study also did not perform a dose response, and thus
the optimal FIO2 value cannot be determined on the basis of
these data.
Peak inspiratory pressures and PA pressures were higher
in the room air and hyperoxia groups compared with in the
immediate control group. The fact that these differences
were not present after 1 hour suggests they are due to the
poor compliance that is caused by cold ischemia. Once the
lungs had been warmed up to physiologic temperature,
presumably they had similar compliance and vascular resis-
1440.e5 The Journal of Thoracic and Cardiovascular Surgery ● Ntance, thus explaining the differences seen early in the
experiment. Mechanistic studies were not performed, nor
were any attempts to block the effects of hyperoxia per-
formed with antioxidants to further support our hypothesis
that the increased lung injury seen in the hyperoxic group
was due to ROS. There was a strong trend toward higher
PO2/FIO2 ratios at 90 minutes when comparing the room air
with the hyperoxic group. Leaving the groups on the same
oxygen tension throughout the experiment might have
shown a significant difference at 120 minutes between
groups, rather than trying to ventilate the room air group
with an FIO2 of 100%. Our study looked at the effects of
hyperoxic ventilation on lung reperfusion injury in the first
2 hours of reperfusion. In the clinical setting lung reperfu-
sion injury occurs over a 24- to 48-hour period, and for
optimal clinical correlation, it would be advantageous to
perform this study in a survival model of transplantation.
In conclusion, this is a unique study that examined the
effects of hyperoxic ventilation on lung reperfusion injury
in an isolated blood perfused model. This study is important
because it has immediate clinical applicability in its dem-
onstration that even in the first 2 hours of reperfusion
hyperoxic ventilation exacerbates lung reperfusion injury
manifested by higher levels of tissue edema and poorer
ventilation. Our study suggests that high fractions of in-
spired oxygen should not be used in the operating room and
perioperative period, and the lowest possible tension of
inspired oxygen should be used during the time of reperfu-
sion to reduce these deleterious effects.
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Cardiothoracic Transplantation Ellman et alFigure E1. A diagram of the blood perfused isolated lung apparatus. RES, reservoir; DEOX, deoxygenator; ABG,
arterial blood gas.
Figure E2. Time course of mean pulmonary artery pressures in the control and ischemia-reperfusion groups
(control group, n  5; room air [RA] group, n  10; 100% FIO2 group [100%], n  10). Values are presented as means
 standard error of the mean. Mean pulmonary artery pressures were not significantly different between the
hyperoxic and room air groups. The hyperoxic and room air groups were significantly different compared with the
control group at 0 and 60 minutes *P < .001, analysis of variance at 0 minutes; P  .025, analysis of variance at
60 minutes.1440.e7 The Journal of Thoracic and Cardiovascular Surgery ● November 2005
Ellman et al Cardiothoracic TransplantationFigure E3. Time course of peak inspiratory pressures in the control and ischemia-reperfusion groups (control
group, n  5; room air [RA] group, n  10; 100% FIO2 group [100%], n  10). Values are presented as means 
standard error of the mean. Peak inspiratory pressures were not significantly different between the hyperoxic and
room air groups. The hyperoxic and room air groups had significantly higher peak inspiratory pressures compared
with the control group at 0, 30, and 60 minutes.
Figure E4. Oxygenation by arterial blood gas at 120 minutes (control group, n 6; room air [RA] group, n 10; 100%
FIO2 group [100%], n  10). Values are presented as means  standard error of the mean. Oxygenation was not
different between groups when comparing PO2 on a fraction of inspired oxygen (FIO2) of 100% for all groups. The
room air group received an FIO2 of 100% for the last 15 minutes of the experiment.The Journal of Thoracic and Cardiovascular Surgery ● Volume 130, Number 5 1440.e8
